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In view of the recent BICEP2 results [arXiv:1403.3985] which may be attributed to the observation of 
B-modes polarization of the CMB with tensor-to-scalar ratio r = 0.2+0.07−0.05, we revisit M-ﬂation model. 
Gauged M-ﬂation is a string theory motivated inﬂation model with Matrix valued scalar inﬂaton ﬁelds 
in the adjoint representation of a U (N) Yang–Mills theory. In continuation of our previous works, we 
show that for a class of M-ﬂation models the action for these inﬂaton ﬁelds can be such that the 
“effective inﬂaton ﬁeld” φ has a double-well Higgs-like potential, with minima at φ = 0, μ. We focus 
on the φ > μ, symmetry-breaking region. We thoroughly examine predictions of the model for r in the 
2σ region allowed for nS by the Planck experiment. As computed in [arXiv:0903.1481], for Ne = 60
and nS = 0.96 we ﬁnd r  0.2, which sits in the sweet spot of BICEP2 region for r. We ﬁnd that with 
increasing μ arbitrarily, nS cannot go beyond  0.9670, the scalar spectral index for the quadratic chaotic 
potential. As nS varies in the 2σ range which is allowed by Planck and could be reached by the model, 
r varies in the range [0.13, 0.26]. Future cosmological experiments, like the CMBPOL, that conﬁnes nS
with σ(nS ) = 0.0029 can constrain the model further. Also, in this region of potential, for nS = 0.9603, 
we ﬁnd that the largest isocurvature mode, which is uncorrelated with curvature perturbations, has a 
power spectrum with the amplitude of order 10−11 at the end of inﬂation. We also discuss the range of 
predictions of r in the hilltop region, φ < μ.
© 2014 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons.org/licenses/by/3.0/). Funded by SCOAP3.1. Introduction
Inﬂation, and in particular slow-roll inﬂation, has emerged as 
the leading framework to understand and explain the recent cos-
mological CMB observations, most notably by PLANCK mission [1]
and BICEP2 [2]. The most common models of inﬂation are those 
involving one or more scalars with canonical kinetic terms and 
a (carefully) chosen or designed potential (minimally) coupled to 
Einstein gravity. Despite the theoretical simplicity and addressing 
some theoretical issues in Big Bang early Universe cosmology, the 
wealth of the new observational data has made it increasingly 
diﬃcult to ﬁnd inﬂationary models which do well with data, as 
well as being free of theoretical issues, like naturalness, stability 
of inﬂaton potential and having a natural appearance and embed-
ding into high energy physics models, such as beyond SM particle 
physics models or string theory.
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E-mail addresses: a.ashoorioon@lancaster.ac.uk (A. Ashoorioon), 
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SCOAP3.Power spectrum of tensor modes, within the Einstein gravity 
theory, is independent of the details of the inﬂaton sector and sets 
the value of Hubble scale during inﬂation H . The recent observa-
tions of BICEP2 if attributed to the primordial B-mode polarization 
in the CMB power spectra,1 within the inﬂationary setup is gener-
ically related to the tensor modes and set H  3–4 × 10−5Mpl [3], 
where Mpl ≡ (8πGN )−1/2 = 2.43 × 1018 GeV is the reduced Planck 
mass. The ratio of power spectra of tensor and scalar modes in 
the inﬂationary models with canonical kinetic terms is r = 16
1 As was stressed in [4] and [5], the BICEP data analysis may have underesti-
mated the contribution of combination of Galactic foregrounds and lensed E-modes. 
Including such foreground effects, within the current uncertainties, r = 0 is also 
compatible with the BICEP CMB data. The ﬁrst version of this paper appeared be-
fore such scrutiny in the foreground effects and is relevant if the value of r at  = 80
obtained after “realistic” foreground removal turns out to be larger than the corre-
sponding value of r at the Planck experiment pivot scale. Planck has recently put 
out its data for the power spectrum of polarized dust emission [6] in which they 
have extrapolated the 353 GHz Planck data to 150 GHz of BICEP2 frequency range. 
BICEP2 result is still within the uncertainties and thus such studies are not yet con-
clusive. under the CC BY license (http://creativecommons.org/licenses/by/3.0/). Funded by 
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of CMB power spectrum, is nS − 1 = −6 + 2η, where  and η
are the slow-roll parameters. Currently available data indicate that 
 ∼ η ∼ 0.01.
The simplest inﬂationary models which can produce such a rel-
atively large value r ∼ 0.2 [2] are slow-roll large ﬁeld models [7], 
and the most appealing model in this family is the 12m
2φ2 chaotic 
model [8] with m  6 × 10−6Mpl. To produce these values of r
we generically need super-Planckian ﬁeld roaming, φ ∼ 10Mpl, 
crystallized in the Lyth bound [9]. The Lyth bound and r ∼ 0.2 ap-
pear as a challenge to supergravity and string theory motivated 
inﬂationary models in which φ/M2pl has generically a geometric 
meaning and is associated with some physical length [10] which 
consistency of the theory requires it to be sub-Planckian.
Moreover, recent data together with number of e-folds Ne re-
quired for solving cosmological ﬂatness and horizon problems, 
Ne ∼ 50–60, has other challenging implications for the inﬂaton 
potential in slow-roll large ﬁeld or string theory motivated mod-
els: dimensionful parameters of the inﬂaton potential should be 
hierarchically smaller than H and dimensionless parameters much 
smaller than one. That is, we are in unnatural regions of the pa-
rameters space of these models and that we need to make sure the 
classical as well as quantum stability of the shape of the potential. 
The η-problem [10] in string or supergravity motivated models al-
ludes to this problem.
To ameliorate the above mentioned issues, two general ideas 
have been proposed: steepness of the potential and its shape 
may be ﬁxed by imposing symmetries. (One cannot rely on su-
persymmetry, due to the fact that on an inﬂationary background 
supersymmetry is spontaneously broken at scale H .) The super-
Planckian ﬁelds have been remedied by employing large number of 
ﬁelds which are abundant in supergravity or string theory setups 
all assisting to run forward the inﬂation [11].2 Using large number 
of ﬁelds of almost equivalent mass, as is done in [14], however, 
has its own drawbacks. Having N number of degenerate ﬁelds will 
effectively reduce the cutoff scale where quantum gravity effects 
are expected to set in (which otherwise may be taken to be Mpl) 
is also reduced to Mpl/
√
N [15,16]. This will bring back the prob-
lem of super-cutoff roaming and quantum instability. Moreover, for 
large N , ∼ 109, light ﬁelds this will also lead to dominance of 
quantum ﬁeld perturbations over the classical inﬂaton rolling in 
N-ﬂation, and hence causing a never-ending eternal inﬂation [17]. 
There are nonetheless multi-axion models that avoid these prob-
lems [18].
In [19] we introduced Matrix inﬂation, or M-ﬂation, which de-
spite being a string theory motivated model conveniently bypasses 
the above issues. M-ﬂation action may be viewed as the low en-
ergy theory of a stack of N D3-branes probing certain type IIb 
supergravity background with RR three-form ﬂuxes.3 This model, 
is hence as a U (N) supersymmetric Yang–Mills theory perturbed 
by a mass term for three of its scalar ﬁelds which are in N × N
2 Besides the M-ﬂation, which is the focus of this work, among string theory mo-
tivated models monodromy inﬂation [12] is seemingly dealing better in resolving 
the super-Planckian ﬁeld roaming and, the steepness of the potential and η-problem 
by using axions as inﬂaton ﬁeld; super-Planckian ﬁeld roaming is resolved noting 
the periodic nature of axion ﬁeld and the shape of potential is protected by the 
(approximate) shift symmetry of the axion potential. The original model fails to 
comply with the BICEP data due to small r it predicts. Some variations like [13] are 
in a better shape with regard to compatibility with the data.
3 Despite these appealing features, M-ﬂation has not yet been shown to be a 
fully-ﬂedge string theory model. The main open issue here has to do with getting 
4d gravity on the stack of D3-branes. For the latter one needs to have a consis-
tent (CY3) compactiﬁcations with moduli ﬁxed and also one needs to makes sure 
that the backreaction of D3-branes on the compactiﬁcation are negligible, or under 
control. We hope to address this issue in our later publications.adjoint representation of U (N), as well as a cubic term for these 
scalars induced from the background RR-form. Although we are 
dealing with 5N2 gauge and scalar ﬁeld modes, one can effec-
tively reduce the theory to a single ﬁeld sector with a double 
well Higgs-like inﬂaton potential. Of course, this theory contains 
a plethora/landscape of models which effectively behave as multi-
ﬁeld models [20]. In this work we focus on the effective single 
ﬁeld model. M-ﬂation potential is protected by the supersymmetry 
of the bulk [19]. It does not suffer from super-cutoff ﬁeld roaming 
and falling into the eternal inﬂation phase because the spectrum 
of its ﬁelds around the effective single ﬁeld model is not degener-
ate and all the modes around the classical inﬂationary path (which 
constitute 5N2 − 1 modes in gauged M-ﬂation) have a hierarchical 
mass spectrum [16]. This hierarchical mass of isocurvature modes 
is the distinctive feature of M-ﬂation compared to other multi-ﬁled 
models like N-ﬂation. This mass spectrum is such that only a small 
number of the ﬁelds Ns , Ns  N2, have masses below the effective 
cutoff scale. These are the modes contributing to the effective re-
duced cutoff, which is hence Mpl/
√
Ns [16]. The reduced cutoff in 
(gauged) M-ﬂation will also help to avoid the η-problem that can 
be generated at one loop level from the interactions of the inﬂa-
ton with the graviton [21]. In addition, as we will see, M-ﬂation, 
does not involve hierarchically small dimensionful parameters and 
its dimensionless parameters are of order one.
Therefore, M-ﬂation is a very theoretically appealing model. In 
this short note, we hence update our analysis of this model and 
show how it complies with the recent data and in particular the 
BICEP2. We show that unlike most of the string theory motivated 
inﬂation models, it can produce large enough tensor-to-scalar ra-
tios as required by the data. The rest of this work is organized as 
follows. In Section 2, we review the setup of gauged M-ﬂation and 
some basic analysis. In Section 3, we confront gauged M-ﬂation 
with the current observational data. In the last section we summa-
rize our results and make concluding remarks.
2. Quick review of gauged M-ﬂation
Gauged M(atrix)-ﬂation [19,20,16] is a sector of deformation of 
N = 4 U (N) supersymmetric Yang–Mills theory coupled to 4d Ein-
stein gravity described by the action
S =
∫
d4x
√−g
(
−M2P
2
R − 1
4
Tr
(
Fμν F
μν
)
− 1
2
3∑
i=1
Tr
(
DμΦi D
μΦi
)− V (Φi, [Φi,Φ j])
)
, (2.1)
where Dμ is the gauge covariant derivative, Fμν is the gauge ﬁeld 
strength, and Φi , i = 1, 2, 3, are three N × N hermitian scalars in 
the adjoint representation of U (N) gauge symmetry:
DμΦi = ∂μΦi + igYM[Aμ,Φi],
Fμν = ∂μAν − ∂ν Aμ + igYM[Aμ, Aν ], (2.2)
and the Tr is over N × N matrices. This action which can be re-
alized in string theory as the low energy theory of N D3-branes 
probing certain 10b IIB plane-wave background with RR three-form 
ﬁeld background [19], if the potential term V (Φi, [Φi, Φ j]) has the 
following form
V = Tr
(
−λ
4
[Φi,Φ j][Φi,Φ j] + iκ3  jkl[Φk,Φl]Φ j +
m2
2
Φ2i
)
,
(2.3)
with
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where i = 1, 2, 3 and gs is the string coupling constant. It is no-
table that in terms of coordinates of stack of N D3-branes Xi
Φi ≡ Xi√
(2π)3gsl2s
, (2.5)
where s is the string length.
2.1. Equations of motion for the scalar and gauge ﬁelds
DμD
μΦi + λ
[
Φ j, [Φi,Φ j]
]− iκi jk[Φ j,Φk] −m2Φi = 0,
DμF
μν − igYM
[
Φi, D
νΦi
]= 0. (2.6)
2.2. Reduction to effective single-ﬁeld sector
As noted in [16,19,20], one can consistently restrict the classical 
dynamics to the SU(2) sector, where one effectively deals with a 
single scalar ﬁeld φˆ and the matrices Φi are
Φi = φˆ(t) J i, i = 1,2,3, (2.7)
where J i are the N-dimensional irreducible representation of the 
SU(2) algebra
[ J i, J j] = ii jk Jk, Tr( J i J j) = N12
(
N2 − 1)δi j. (2.8)
Hermiticity of Φi ’s and J i ’s guarantees that φˆ is a real scalar ﬁeld. 
One can consistently turn off the gauge ﬁelds, i.e. Aμ = 0, in the 
background as the [Φi, DνΦi] term in the equation of motion of 
the gauge ﬁeld for the ansatz (2.7) is proportional to [ J i, [ J i, Aν ]]. 
Therefore, the classical inﬂationary trajectory takes place in the 
SU(2) sector of the scalar ﬁelds Φi ’s.
Plugging the ansatz into the action (2.1) and adding the four-
dimensional Einstein gravity, one obtains
S =
∫
d4x
√−g
[
−M
2
P
2
R +
(
−1
2
∂μφ∂
μφ − V0(φ)
)]
, (2.9)
where
φˆ = (Tr J2)−1/2φ = [N
4
(
N2 − 1)]−1/2φ,
V0(φ) = λeff
4
φ4 − 2κeff
3
φ3 + m
2
2
φ2, (2.10)
with
λeff = 2λTr J2 =
8λ
N(N2 − 1) ,
κeff = κ√
Tr J2
= 2κ√
N(N2 − 1) . (2.11)
As we will see, assuming that the parameters, λ, κ and m2, are re-
lated as in (2.4) the potential takes a “symmetry breaking” Higgs 
potential. With super-Planckian v.e.v.’s for the effective inﬂaton φ, 
the potential is capable of realizing inﬂation in different regions. 
We note that this may happen while the “physical ﬁeld Φ and/or 
stringy lengths Xi are sub-Planckian or sub-stringy. To match the 
amplitude of density perturbations of order the Planck normaliza-
tion, P S  2 ×10−9, λeff should be around 10−14–10−13. Assuming 
that the undressed quartic coupling, λ is of order one, one needs 
around few × 104 D3 branes which is a reasonable number not-
ing recent advances in ﬂux compactiﬁcation with large amount of 
ﬂux. For such number of D3 branes, the individual physical dis-
placement of the ﬁelds is about 10−6Mpl.2.3. Spectrum of gauged M-ﬂation “spectator” modes
In the gauged M-ﬂation, starting with three N2 scalar ﬁelds Φi
and four N2 gauge ﬁelds we have 7N2 degrees of freedom. Picking 
up the SU(2) sector (2.7), we have turned on only one conﬁgura-
tion of these ﬁelds. The gauge ﬁelds satisfy the gauge symmetry of 
the action and equations of motion. Therefore we expect only 2N2
of the them remain as physical and, aside from the mode along the 
SU(2) sector, in total we have 5N2 − 1 modes, which even though 
are classically frozen, could be excited quantum mechanically. One 
can show that the backreaction of these isocurvature modes on the 
inﬂationary background during slow-roll period, is very small [19,
20,16]. Thus they are truly the “spectator” modes. Below we will 
present the spectrum of spectator modes.
• Scalar modes: The spectrum of scalar ﬂuctuations could be ob-
tained perturbing Φi ’s around the SU(2) sector
Φi = φˆ J i + Ψi, (2.12)
expanding the action to second order in Ψ ’s and diagonalizing 
the second order action. One then ﬁnd two class of modes 
[22]:
◦ α j-modes: ω = −( j + 2) and 0 ≤ j ≤ N − 2. Degeneracy of 
each α j mode is 2 j +1. Therefore there are (N−1)2 of these 
modes. The mass of these modes are
M2α j =
1
2
λeffφ
2( j + 2)( j + 3)
− 2κeffφ( j + 2) +m2. (2.13)
The α j=0 mode is the quantum ﬂuctuations of the direc-
tion along the SU(2) sector which are nothing other than 
the adiabatic mode. Thus we have (N − 1)2 − 1 α-mode.
◦ β j-modes: ω = j − 1 and 1 ≤ j ≤ N . Degeneracy of each 
β j-mode is 2 j + 1. Therefore there are (N + 1)2 − 1 of 
β-modes. Mass of β j mode is
M2β j =
1
2
λeffφ
2( j − 1)( j − 2)
+ 2κeffφ( j − 1) +m2. (2.14)
• Gauge modes: Likewise for the gauge ﬁelds, turning on the Aμ ’s 
and expanding the action (2.1) to second order in them assum-
ing that the scalar ﬁelds are in the SU(2) sector, i.e. Φi = φˆ J i , 
one can obtain the mass spectrum of gauge modes solving the 
related eigenvalue problem [16]. The masses turn out to be
M2A, j =
λeff
4
φ2 j( j + 1), (2.15)
where j = 0, . . . , N−1 and degeneracy of each mode is 2 j +1. 
j = 0 mode is massless and corresponds to the U (1) sector 
in the U (N) matrices. Degeneracy of each j gauge mode is 
3(2 j + 1) for j ≥ 1 modes and is two for j = 0 mode. Thus we 
have 3N2 − 1 vector ﬁeld modes.
We note that there are N2 − 1 “zero-modes” in the scalar sec-
tor, which are eaten up through the usual spontaneous break-
ing occurring due to expansion around the SU(2) vacuum [22,
16].
In summary we have (N − 1)2 − 1 α-modes, N2 + 2N β-modes 
and 3N2 − 1 vector ﬁeld modes, which altogether yields 5N2 − 1
modes, exactly the number of spectator (isocurvature) modes that 
we started with.
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ﬁning to the φ ≥ 0 region, there are three regions one can use to inﬂate upon. Due 
to the symmetry of the potential the predictions of the model in regions (b) and 
(c) are the same in the (nS , r) plane. This degeneracy breaks down at the level of 
isocurvature perturbations.
2.4. The UV safety of M-ﬂation
The spectrum of spectator modes of M-ﬂation is hierarchical 
and the masses vary from ∼ √λeffφ to ∼ N√λeffφ. For our inﬂa-
tionary trajectories (cf. next section) this is 10−6Mpl to 10−1Mpl. In 
order for a spectator to contribute to the reduction of the UV cutoff 
Λ, from Mpl, its mass has to be lighter than the cutoff. Since the 
masses of the spectators have a hierarchical structure and most of 
them are around the upper bound 10−1Mpl, only about NS  105
of them contribute to lowering the cutoff (If the large mass spec-
tators are included, the cutoff will become smaller than the mass 
of contributing spectators). Therefore, the effective UV cutoff in M-
ﬂation model is very close to 5 × 10−3Mpl [21,16]. See Section 4
for more discussions on this point.
3. Predictions of M-ﬂation in the (nS–r) plane
As noted in [19,20], the inﬂationary potential for the supersym-
metric choice (3.1), which reduces to the following condition in 
terms of effective couplings
κ2eff =
9
8
λeffm
2, (3.1)
the potential takes a double-well form
V (φ) = λeff
4
φ2(φ − μ)2 (3.2)
where
μ =
√
2
λeff
m. (3.3)
The form of the potential is a Higgs-like double-well potential, 
Fig. 1, where, as we will notice shortly, μ has to take super-
Planckian values to be able realize inﬂation. Such super-Planckian 
values for the effective inﬂaton could be easily accommodated 
within the setup of M-ﬂation, as the physical excursion are nor-
malized by 
√
N(N2 − 1)/4 from the roaming of the effective inﬂa-
ton (2.10). In the stringy picture, under the inﬂuence of the RR six-
form ﬂux, two of the dimensions perpendicular to the D3-branes 
are blown up to a fuzzy sphere, S2, and we have a polarized fuzzy 
D5 brane. The SU(2) direction will play the role of the radius of the fuzzy sphere which is our effective inﬂaton ﬁeld φ. Depend-
ing on the initial radius of this giant D5 brane, the radius of S2
can either increase or shrink. We will conﬁne ourselves to region 
φ ≥ 0 in the rest of this paper. We analyze each of these regions 
separately.
3.1. Region (a)
In this region, the initial condition for the effective radius of 
the giant D5 brane is such that it shrinks until it is stabilized at 
the φ = μ vacuum. The total number of e-folds, Ne is
M2P Ne =
φi∫
φ f
dφV
V ′
= 1
8
(y − x) − μ
2
32
ln
(
μ2 + 4y
μ2 + 4x
)
, (3.4)
where φ f and φi are respectively the values of the ﬁeld at the 
end and Ne e-folds before the end of inﬂation. For convenience we 
have deﬁned
x ≡ φ f (φ f − μ), y ≡ φi(φi − μ). (3.5)
The end of inﬂation is deﬁned as the point where the ﬁrst slow-
roll parameter,
 = 1
2
M2P
(
V ′
V
)2
, (3.6)
becomes equal to one which yields φ f such that
x = 4M2P + MP
√
16M2P + 2M2Pμ2. (3.7)
The scalar spectral index at φi is
nS − 1= 2η − 6 (3.8)
at φi which can be used to eliminate y in favor of nS and μ/MP
y
M2P
=
12+
√
144+ 8(1− nS) μ2M2P
1− nS . (3.9)
Inserting these values for x and y in (3.4), we ﬁnd an equation for 
μ/MP for a given nS . We tried to solve this equation numerically 
with Ne = 60 and nS between the 2σ interval of nS allowed by 
Planck,
0.9457≤ nS ≤ 0.9749. (3.10)
However not for every value of nS in this interval (3.10), Eq. (3.9)
yields a real solution for μ. The smallest nS , the model can achieve 
is the one of λφ4/4 model,
nminS =
58
61
 0.9508, (3.11)
which could be obtained in the limit of μ → 0 of potential (3.2). 
It also turns out that for nS > nmaxS,60, Eq. (3.4) does not have a real 
solution for μ. As one can see in the left plot of Fig. 2, for nmaxS,60 
0.9670, μ/Mp goes to inﬁnity. Thus values of nS > nmaxS,60 cannot be 
obtained in this branch of the potential for Ne = 60. To recap, for 
Ne = 60
0.9508 n60S  0.9670. (3.12)
At the end, the value of λeff could be obtained, matching the am-
plitude of density perturbations,
A. Ashoorioon, M.M. Sheikh-Jabbari / Physics Letters B 739 (2014) 391–399 395Fig. 2. Left and right plots respectively demonstrate μ vs. nS and λeff vs. nS in the inﬂationary region where φ > μ. Blue and red curves are respectively for Ne = 50 and 
Ne = 60. As μ → 0, the predictions of the model approaches the λφ4 model. As μ → ∞ nS reaches its maximal value, the scalar spectral index of the quadratic model. For 
Ne = 50 and Ne = 60, the maximum nS ’s are respectively n50S  0.9604 and n60S  0.9670. (For interpretation of the references to color in this ﬁgure legend, the reader is 
referred to the web version of this article.)AS = V (φi)
24π2M4pl(φi)
, (3.13)
with the observed value by Planck, APlanckS  2.1955 × 10−9. In 
the right plot of Fig. 2, one can see how λeff is related to nS . 
For large values of μ/MP when ns → 0.9670, the potential be-
comes shallower by decreasing the value of λeff , i.e. λeff → 0. In 
this limit the potential approaches the m2φ2/2 potential with mass 
m = μ√λeff/2. The largest value λeff obtains is for the quartic po-
tential, μ = 0,
λ60eff  1.4320× 10−13. (3.14)
In the allowed range of nS for Ne = 60, within 2σ range of the 
Planck data, the tensor-to-scalar ratio varies in the range
0.132 r60  0.262, (3.15)
see the left plot in Fig. 3. It is also interesting to obtain the amount 
of excursion of the effective inﬂation for Ne = 60, φ60 which 
turns out to be constrained as
14.15Mpl φ60  19.26Mpl. (3.16)
Smaller values of φ60 is obtained for larger values of nS and μ, 
see the right plot in Fig. 3. Even though μ → ∞ as nS → 0.9670, 
the displacement of the ﬁeld decreases and tends to 14.15 Mpl. 
In fact the larger the μ, the smaller the amount of the effective 
inﬂaton ﬁeld displacement.
It is expected that in future the nS is measured with σ(nS ) =
0.0029 [23] with the CMBPOL experiment. Assuming the cen-
tral value for nS remains at its corresponding value from the 
Planck experiment, nS = 0.9603, r still can vary in the range, 
r ∈ [0.198, 0.22] in the 1σ range around the central value.
If Ne = 50, maximum nS that could be reached is nmaxS,50, turns 
out to be  0.9604. For larger values of nS , the equation for μ
does not have any real solution. The lowest value which could be 
obtained for Ne = 50 in this potential is again for the λφ4 the-
ory (μ = 0) which is 16/17. However this value for nS is already 
outside the 2σ region for nS , see (3.10). Thus we assume that
0.9457≤ nS  0.9604. (3.17)
In this range of nS , the quartic coupling and μ respectively vary 
such that
λ50 ≤ 9.2945× 10−14, μ50  8.64 Mpl. (3.18)effThe tensor-to-scalar ratio r50 and the effective inﬂaton displace-
ment φ50 vary as
0.158 r50 ≤ 0.251, 12.8Mpl φ50  15Mpl (3.19)
The smallest value of φ50 again is obtained when μ → ∞. If 
one allows for the variation of nS in a one sigma interval then r50
varies in [0.158, 0.234]. If future experiments manage to conﬁne 
nS to σ(nS ) = 0.0029, assuming the central value is not changed 
from the Planck experiment, r ∈ [0.158, 0.195].
In the inﬂationary region, φ > μ, the mode with the largest 
isocurvature amplitude is j = 0 gauge mode which is massless. Nu-
merical computation of the amplitude of this isocurvature mode 
suggests that, for Ne = 60, P A,0iso /P S  1.64 × 10−2, which is ob-
tained for the μ = 0 case. To obtain this we have solved the 
equation for isocurvature perturbations assuming the mass expres-
sion for each spectator mode. More details of the analysis may be 
found in [19]. Our analysis also suggests that with increasing μ to-
wards inﬁnity, the P A,0iso /P S goes to 8.27 × 10−3 for Ne = 60. For 
nS = 0.9603, P A,0iso /P S is about 1.24 × 10−2 at the horizon scale. 
If one identiﬁes the massless U (1) mode of the gauge ﬁeld with 
the electromagnetic ﬁeld of the Standard Model, one has a natu-
ral explanation for the observed cosmological magnetic ﬁelds [25]
during inﬂation. In this approach the U (1) Electromagnetic ﬁeld is 
enhanced as an isocurvature mode and has an amplitude smaller 
but still comparable to the scalar perturbations. The next isocurva-
ture mode with the largest amplitude is j = 1 β-mode which has 
a constant mass equal to the mass of the inﬂaton, m2. As nS varies 
in the legitimate range, Pβ,1iso /P S  1.64 × 10−2. The upper bound 
is again obtained for λφ4 theory in which m = μ = 0. However the 
ratio Pβ,1iso /P S goes to  3.51 × 10−5, as μ → ∞. For a given, nS , 
the j = 1 β-mode goes is smaller in comparison with the j = 0
gauge mode, as it is massive during inﬂation. For nS = 0.9603, 
Pβ,1iso /P S  4.33 × 10−4.
3.2. Regions (b) and (c)
These two regions correspond to the kind of inﬂationary model 
which is known as hilltop models. One can follow the same pro-
cedure to obtain the relevant parameters for different values of nS . 
The predictions of these two regions in the (nS , r) plane are the 
same due to the symmetry of the potential around φ = μ/2. There-
fore, we will focus on the case where μ2 < φi < μ. The only differ-
ences with the computations of the previous section are that
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√
2μ2 + 16Mpl2 (3.20)
and
y =
12−
√
144+ 8(1− nS) μ2M2pl
1− nS , (3.21)
but the rest of the computations could be applied.
For the central value of nS from the Planck data, nS = 0.9603, 
for Ne = 60, the prediction of the model for r is 0.038. The sym-
metry breaking vacuum and the quartic coupling are respectively, 
μ = 33.78Mpl and λeff = 7.0306 × 10−14. Again for Ne = 60, one 
ﬁnds out that within the 2σ range of nS allowed by the Planck 
experiment, the equation for μ does not have any real solution 
for nmaxS,60  0.967, again the scalar spectral index of the quadratic 
inﬂationary model. In fact this value for scalar spectral index is 
obtained in the limit that μ → ∞. Thus we assume
0.9457< n60S  0.9670 (3.22)
As can be seen from the Fig. 4, λeff and μ60 in this range of nS
varies as
λ60eff  7.9948× 10−14, 25.43Mpl μ60. (3.23)
The tensor-to-scalar ratio r60 and the ﬁeld displacement φ60
vary in the following ranges,
0.016 r60  0.132, 25.43Mpl φ60, (3.24)
please see Fig. 5. If σ(nS ) could be lowered to 0.0029, as [23] sug-
gests, assuming the central value for nS remains as in the Planck 
experiment, r varies in [0.031, 0.048].
If Ne = 50, the maximum nS that could be obtained in this re-
gion is nmaxS,50  0.9618. For larger values of nS , the equation for 
μ does not have any real solution and again in this limit μ goes 
to inﬁnity. Varying n50S between 0.9457, the lower bound of the 
Planck experiment 2σ region, and nmaxS,50, cf. Fig. 4,
λ50eff  1.8678× 10−14, 26.78Mpl μ50. (3.25)
The tensor-to-scalar ratio r50 and the ﬁeld displacement φ50 vary 
in the following ranges, (cf. Fig. 5)
0.031 r50  0.118, 9.36Mpl φ50  11.89Mpl. (3.26)
If σ(nS ) is lowered to 0.0029 still the predictions of the model for 
r varies between 0.064 and 0.118.
Even though the predictions of regions (b) and (c) are the same 
in the (nS , r) plane, their forecast for the amplitude of isocurvature perturbations at the end of inﬂation are in general different, as the 
masses of the spectator modes are in general φ-dependent. The 
lightest mode (b) is again the j = 0 gauge mode. For 60 e-folds, 
increasing nS from 0.9457 to its maximum 0.9670, P
A,0
iso /P S in-
creases approximately from 9.83 × 10−4 to 6.04 × 10−3. The next 
isocurvature mode with the largest amplitude in the tower is 
j = 1 β mode whose amplitude decreases from 7.67 × 10−6 to 
5.96 × 10−9 as nS increases in the allowed range.
In region (c), the mode with the largest amplitude for isocurva-
ture perturbations is j = 0 α-mode. Its amplitude Pα,1iso /P S varies 
between 1.64 × 10−2 and 8.27 × 10−3. The next ones are j = 0
gauge and j = 1 β-modes which have the same amplitude as re-
gion (b) due to the symmetry of their mass with respect to the 
symmetry φ → μ − φ. In region (c), the model is equipped with 
an embedded preheating mechanism that uses the isocurvature 
ﬁelds as preheat modes. The couplings of the preheat modes to the 
inﬂaton are related to the inﬂaton’s self-couplings hence known. 
In [26], we numerically computed the amplitude of gravitational 
waves which is generated during preheating. We found that the 
spectrum peaks in the GHz band with ΩGWh20 ∝ 10−16.
We should also note that, as was discussed in [16], in the 
region (c), the ﬁrst  93 modes become tachyonic, at least for 
a while, during the 60 e-folds of inﬂation. However the mass 
squared of these modes, despite of being tachyonic, remain of or-
der m2  −0.01H2, where H is the inﬂationary Hubble parameter 
during inﬂation. The exact trajectory may be quite complicated but 
this suggests that even though the inﬂaton may roll off the SU(2)
direction along those unstable ones, it may again lead to a hilltop-
like inﬂation along those orthogonal directions. The results that we 
have quoted above for the isocurvature perturbations are obtained 
neglecting backreaction of quantum ﬂuctuations of those tachyonic 
directions.
4. Concluding remarks
M-ﬂation is a many-ﬁeld inﬂationary model that could be real-
ized within string theory from the dynamics of a stack of D-branes 
exposed to the six-dimensional ﬂux conﬁguration. Due to the My-
ers effect, two of the dimensions perpendicular to the D3 branes 
puffs up to a fuzzy sphere whose radius plays the role of inﬂaton. 
Requiring the 10-dimensional background to be a solution to the 
supergravity equations, forces the shape of the potential to be a 
symmetry-breaking double-well potential. In the introduction we 
summarized some speciﬁc theoretical features of M-ﬂation and its 
theoretically appealing features. Here we point out two such other 
features:
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Fig. 5. r and φ vs. nS in the region φ < μ.(1) Sub-Planckain ﬁeld displacements. We note that the individual 
physical ﬁelds displacements during our M-ﬂation is 10−6Mp 
Mp . Such displacements can even be produced by sub-Planckian 
thermal pre-inﬂation ﬂuctuations which “collectively” give rise to 
an “effective” super-Planckian displacement needed for the “effec-
tive” inﬂaton. This is different from usual chaotic models in which 
the ﬁeld should take super-Planckian v.e.v.’s which could only be 
achieved anthropically or if the thermal bath before inﬂation has 
(super-)Planckian energy densities.
(2) Stability of inﬂationary trajectories. Given large number of 
spectator modes one may worry about their backreaction destroy-
ing the slow-roll trajectories. One can distinguish two such effects, 
one is coming from the isocurvature modes which have crossed 
the horizon and became classical and hence have a non-zero v.e.v.
which may backreact on inﬂationary trajectory; or consider the ef-
fects of sub-horizon quantum modes and the deformation of the 
potential due to quantum loop effects. The latter was discussed 
in detail in [19] and discussed that basically due to the shape 
of potential (induced from supersymmetric 10d background) such 
quantum corrections are small. The former, was also discussed in 
[16,19], and here we give a short review of the discussion: The 
power spectrum of the spectators (which is basically a measure 
of the energy carried by these modes and hence a measure of 
their backreaction) drops down exponentially with their mass as 
exp(−m/H). On the other hand, the mass of states grows with 
quantum number j, which also controls their degeneracy 2 j + 1. 
Therefore, the growth of degeneracy is basically overshadowed by 
the exponential suppression of the modes due to their mass and in the end the effects of these isocurvature modes remain small. (Re-
call that as we already discussed the power spectrum of lightest 
isocurvature modes is of order 10−2 less than the power spectrum 
of curvature perturbations.) Altogether the total backreaction of the 
isocurvature modes remains small and do not undermine M-ﬂation 
slow-roll trajectories.
We note that to have a full embedding or derivation of gauged 
M-ﬂation from string theory we need to also discuss how to get 
four-dimensional gravity. For the latter we need to construct CY3
compactiﬁcation of 10d string theory to four dimensions and make 
sure about the consistency of the compactiﬁcation when we probe 
the CY3 with a stack of N D3-branes. We hope to address this 
latter in our upcoming publications.
We also discussed phenomenological appealing features of 
gauged M-ﬂation with double-well potential. In the region φ > μ
predictions of the model is at the central point of the BICEP2 data, 
r = 0.2 [2], assuming that nS is at the central value Planck yields 
for the scalar spectral index, nS = 0.9603. Due to the hierarchical 
structure of the mass spectrum of the spectator species, the model 
is immune to super-cutoff excursion problem, which undermines 
N-ﬂation [16]. Also in the φ > μ region, the Hessian mass matrix 
of all spectator modes is a positive-deﬁnite, suggesting that the 
SU(2) sector in this direction is an attractor. SU(2) sector is also 
an attractor in the hilltop inﬂationary region μ/2 < φ < μ. Since 
the inﬂationary potential can in principle approach the Planckian 
energy densities in the φ > μ region, the energy density in the in-
ﬂationary Planck length patch at that epoch can have a vacuum 
energy comparable to the energy density of the anisotropies and 
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which justiﬁes the large value of r observed by the BICEP2 region.
In the hilltop region 0 < φ < μ/2 the ﬁrst  93 modes become 
tachyonic, at least for a while, during the 60 e-folds of inﬂation 
[16]. However the mass squared of these modes, despite of being 
tachyonic, remain of order m2  −0.01H2, where H is the inﬂa-
tionary Hubble parameter during inﬂation. This suggests that even 
though the inﬂaton may roll off the SU(2) direction along those 
unstable ones, it may lead to a hilltop-like inﬂation along those 
orthogonal direction. We postpone the thorough analysis of this 
point to future works.
In this note, we analyzed the predictions of M-ﬂation in differ-
ent inﬂationary regions assuming that nS varies in the 2σ region 
allowed by the Planck data [1]. Even though the 2σ region is small, 
we notice that in different inﬂationary regions some ranges of nS
might not be approached by the model. For Ne = 60, values of 
0.9508  nS  0.9670 could be achieved. The minimum value for 
nS is obtained for μ = 0, i.e. the quartic chaotic model. Values 
close to 0.9670 is obtained for μ → ∞. The ﬁeld displacement 
still remains of order O(10)Mpl despite μ becoming large. What 
happens is that λeff tends towards zero as μ increases. Nonethe-
less, if one demands to avoid the “hyper-Planckian” v.e.v.’s for μ, 
say μ  100Mpl, maximum nS will reduce to 0.9650. Another po-
tentially observable signature of the model in the region φ > μ, is 
a small isocurvature perturbation mode with amplitude of  10−2
which is obtained from j = 0 gauge mode. Of course whether this 
mode would be observable, depends on the details of the reheat-
ing.
Although BICEP2 claims to observe a B-mode signature cor-
responding to r0.05 = 0.2+0.07−0.05, the Planck data so far has only 
suggested an upper bound on the amplitude of tensor modes 
r0.002 < 0.11. There has been various proposals to patch up the 
BICEP2 results with the Planck upper bound on the B-modes [24]. 
In [28], based on our previous analysis in [29] for excited states, 
we proposed a scenario to reconcile the large scale models of in-
ﬂation with the Planck data and BICEP data. For that, one has to 
assume that the scale of new physics is about M = few × 10H . 
To reconcile the Planck and BICEP2 data, we proposed two ap-
proaches to solve the tension between the Planck and BICEP2 data: 
(i) creating a running scalar spectral index with running of order 
dnS/d lnk  −0.02 [27], or (ii) creating a blue tensor spectrum for 
the tensor modes. Both these two approaches could be easily ac-
customed to M-ﬂation assuming non-Bunch–Davis, excited initial 
state for cosmic perturbations.
Acknowledgements
The authors are thankful to D. Lyth and Robert Mann for use-
ful comments. A.A. is supported by the Lancaster–Manchester–
Sheﬃeld Consortium for Fundamental Physics under STFC grant 
ST/J000418/1. M.M.Sh.-J. would like to acknowledge the Interna-
tional Visiting Scholar Program of Kyung Hee University Seoul.
References
[1] P.A.R. Ade, et al., Planck Collaboration, Planck 2013 results. XXII. Constraints on 
inﬂation, arXiv:1303.5082 [astro-ph.CO].
[2] P.A.R. Ade, et al., BICEP2 Collaboration, BICEP2 I: detection of B-mode polariza-
tion at degree angular scales, arXiv:1403.3985 [astro-ph.CO].
[3] C.M. Ho, S.D.H. Hsu, arXiv:1404.0745 [hep-ph].
[4] R. Flauger, J.C. Hill, D.N. Spergel, J. Cosmol. Astropart. Phys. 1408 (2014) 039, 
arXiv:1405.7351 [astro-ph.CO].
[5] M.J. Mortonson, U. Seljak, J. Cosmol. Astropart. Phys. 1410 (10) (2014) 035, 
arXiv:1405.5857 [astro-ph.CO].
[6] R. Adam, et al., Planck Collaboration, arXiv:1409.5738 [astro-ph.CO].
[7] V. Mukhanov, Physical Foundations of Cosmology, Cambridge Univ. Press, 2005.
[8] A.D. Linde, Chaotic inﬂation, Phys. Lett. B 129 (1983) 177–181.[9] D.H. Lyth, What would we learn by detecting a gravitational wave signal in 
the cosmic microwave background anisotropy? Phys. Rev. Lett. 78 (1997) 1861, 
arXiv:hep-ph/9606387.
[10] D.H. Lyth, A.R. Liddle, The Primordial Density Perturbation: Cosmology, Inﬂa-
tion and the Origin of Structure, Cambridge Univ. Press, Cambridge, UK, 2009, 
497 pp.;
A.D. Linde, Inﬂationary cosmology, Lect. Notes Phys. 738 (2008) 1–54, arXiv:
0705.0164 [hep-th];
A.D. Linde, Prospects of inﬂation, Phys. Scr. T 117 (2005) 40, arXiv:hep-th/
0402051;
C.P. Burgess, M. Cicoli, F. Quevedo, J. Cosmol. Astropart. Phys. 1311 (2013) 003, 
arXiv:1306.3512;
D. Baumann, L. McAllister, arXiv:1404.2601 [hep-th].
[11] A.R. Liddle, A. Mazumdar, F.E. Schunck, Assisted inﬂation, Phys. Rev. D 58 
(1998) 061301, arXiv:astro-ph/9804177;
P. Kanti, K.A. Olive, On the realization of assisted inﬂation, Phys. Rev. D 60 
(1999) 043502, arXiv:hep-ph/9903524.
[12] E. Silverstein, A. Westphal, Monodromy in the CMB: gravity waves and string 
inﬂation, Phys. Rev. D 78 (2008) 106003, arXiv:0803.3085 [hep-th].
[13] A. Hebecker, S.C. Kraus, L.T. Witkowski, D7-brane chaotic inﬂation, arXiv:
1404.3711 [hep-th];
M. Arends, A. Hebecker, K. Heimpel, S.C. Kraus, D. Lust, C. Mayrhofer, C. Schick, 
T. Weigand, arXiv:1405.0283 [hep-th];
X. Gao, T. Li, P. Shukla, arXiv:1404.5230 [hep-ph];
M. Dine, P. Draper, A. Monteux, arXiv:1405.0068 [hep-th];
F. Marchesano, G. Shiu, A.M. Uranga, arXiv:1404.3040 [hep-th];
K. Harigaya, M. Ibe, arXiv:1404.3511 [hep-ph].
[14] S. Dimopoulos, S. Kachru, J. McGreevy, et al., N-ﬂation, J. Cosmol. Astropart. 
Phys. 0808 (2008) 003, arXiv:hep-th/0507205;
K. Becker, M. Becker, A. Krause, M-theory inﬂation from multi M5-brane dy-
namics, Nucl. Phys. B 715 (2005) 349, arXiv:hep-th/0501130;
A. Ashoorioon, A. Krause, Power spectrum and signatures for cascade inﬂation, 
arXiv:hep-th/0607001;
M. Cicoli, K. Dutta, A. Maharana, arXiv:1401.2579 [hep-th];
J. McDonald, arXiv:1404.4620 [hep-ph];
T.W. Grimm, Phys. Rev. D 77 (2008) 126007, arXiv:0710.3883 [hep-th];
Y.-F. Cai, H.-Y. Xia, Phys. Lett. B 677 (2009) 226, arXiv:0904.0062 [hep-th];
J.E. Kim, H.P. Nilles, M. Peloso, J. Cosmol. Astropart. Phys. 0501 (2005) 005, 
arXiv:hep-ph/0409138;
J.E. Kim, arXiv:1404.4022 [hep-ph].
[15] G. Dvali, Fortschr. Phys. 58 (2010) 528, arXiv:0706.2050 [hep-th].
[16] A. Ashoorioon, M.M. Sheikh-Jabbari, Gauged M-ﬂation, its UV sensitivity and 
spectator species, J. Cosmol. Astropart. Phys. 1106 (2011) 014, arXiv:1101.0048 
[hep-th].
[17] I. Ahmad, Y.S. Piao, C.F. Qiao, On number of nﬂation ﬁelds, J. Cosmol. Astropart. 
Phys. 0806 (2008) 023, arXiv:0801.3503 [hep-th].
[18] K. Choi, H. Kim, S. Yun, Phys. Rev. D 90 (2014) 023545, arXiv:1404.6209
[hep-th];
T. Higaki, F. Takahashi, J. High Energy Phys. 1407 (2014) 074, arXiv:1404.6923 
[hep-th];
S.-H.H. Tye, S.S.C. Wong, arXiv:1404.6988 [astro-ph.CO];
I. Ben-Dayan, F.G. Pedro, A. Westphal, arXiv:1404.7773 [hep-th].
[19] A. Ashoorioon, H. Firouzjahi, M.M. Sheikh-Jabbari, M-ﬂation: inﬂation from 
matrix valued scalar ﬁelds, J. Cosmol. Astropart. Phys. 0906 (2009) 018, 
arXiv:0903.1481 [hep-th].
[20] A. Ashoorioon, H. Firouzjahi, M.M. Sheikh-Jabbari, Matrix inﬂation and the 
landscape of its potential, J. Cosmol. Astropart. Phys. 1005 (2010) 002, 
arXiv:0911.4284 [hep-th].
[21] A. Ashoorioon, U. Danielsson, M.M. Sheikh-Jabbari, 1/N resolution to inﬂation-
ary η-problem, Phys. Lett. B 713 (2012) 353, arXiv:1112.2272 [hep-th].
[22] K. Dasgupta, M.M. Sheikh-Jabbari, M. Van Raamsdonk, Matrix perturbation 
theory for M theory on a PP wave, J. High Energy Phys. 0205 (2002) 056, 
arXiv:hep-th/0205185.
[23] CMBpol, http://spacescience.nasa.gov/missions/concepts.htm.
[24] M. Kawasaki, S. Yokoyama, Compensation for large tensor modes with iso-
curvature perturbations in CMB anisotropies, arXiv:1403.5823 [astro-ph.CO];
J. McDonald, Negative running of the spectral index, hemispherical asymmetry 
and consistency of planck with BICEP2, arXiv:1403.6650 [astro-ph.CO];
T. Zhu, A. Wang, arXiv:1403.7696 [astro-ph.CO];
M.S. Sloth, arXiv:1403.8051 [hep-ph];
L.A. Anchordoqui, H. Goldberg, X. Huang, B.J. Vlcek, arXiv:1404.1825 [hep-ph];
M. Kawasaki, T. Sekiguchi, T. Takahashi, S. Yokoyama, arXiv:1404.2175 [astro-
ph.CO];
B.R. Dinda, S. Kumar, A.A. Sen, arXiv:1404.3683 [astro-ph.CO];
L. Xu, B. Chang, W. Yang, arXiv:1404.3804 [astro-ph.CO];
J.-Q. Xia, Y.-F. Cai, H. Li, X. Zhang, arXiv:1403.7623 [astro-ph.CO];
Y.-F. Cai, Y. Wang, arXiv:1404.6672 [astro-ph.CO];
M. Bastero-Gil, A. Berera, R.O. Ramos, J.G. Rosa, arXiv:1404.4976 [astro-ph.CO];
A. Ashoorioon, M.M. Sheikh-Jabbari / Physics Letters B 739 (2014) 391–399 399Z.-G. Liu, H. Li, Y.-S. Piao, arXiv:1405.1188 [astro-ph.CO];
A. Ashoorioon, C. van de Bruck, P. Millington, S. Vu, arXiv:1406.5466 [astro-
ph.CO].
[25] M.S. Turner, L.M. Widrow, Phys. Rev. D 37 (1988) 2743;
A. Ashoorioon, R.B. Mann, Phys. Rev. D 71 (2005) 103509, arXiv:gr-qc/0410053.
[26] A. Ashoorioon, B. Fung, R.B. Mann, M. Oltean, M.M. Sheikh-Jabbari, Gravita-
tional waves from preheating in M-ﬂation, J. Cosmol. Astropart. Phys. 1403 
(2014) 020, arXiv:1312.2284 [hep-th].[27] I. Ben-Dayan, R. Brustein, J. Cosmol. Astropart. Phys. 1009 (2010) 007, arXiv:
0907.2384 [astro-ph.CO].
[28] A. Ashoorioon, K. Dimopoulos, M.M. Sheikh-Jabbari, G. Shiu, Non-Bunch–Davis 
initial state reconciles chaotic models with BICEP and Planck, arXiv:1403.6099 
[hep-th].
[29] A. Ashoorioon, K. Dimopoulos, M.M. Sheikh-Jabbari, G. Shiu, Reconciliation of 
high energy scale models of inﬂation with Planck, J. Cosmol. Astropart. Phys. 
1402 (2014) 025, arXiv:1306.4914 [hep-th].
